Strong gain-of-function mutations have not been identified in humans in the FSH receptor (FSHR), whereas such mutations are common among many other G protein-coupled receptors. In order to predict consequences of such mutations on humans, we first identified constitutively activated mutants of the mouse (m) Fshr and then expressed them under the human anti-Mü llerian hormone promoter in transgenic mice or created knock-in mutation into the mouse genome. We show here that mutations of Asp580 in the mFSHR significantly increase the basal receptor activity. D580H and D580Y mutations of mFSHR bind FSH, but the activity of the former is neither ligand-dependent nor promiscuous towards LH/human choriogonadotropin stimulation. Transgenic expression of mFshr D580H in granulosa cells leads to abnormal ovarian structure and function in the form of hemorrhagic cysts, accelerated loss of small follicles, augmented granulosa cell proliferation, increased estradiol biosynthesis, and occasional luteinized unruptured follicles or teratomas. The most affected mFshr D580H females are infertile with disturbed estrous cycle and decreased gonadotropin and increased prolactin levels. Increased estradiol and prolactin apparently underlie the enhanced development of the mammary glands, adenomatous pituitary growth, and lipofuscin accumulation in the adrenal gland. T he gonadotropins FSH and LH are essential regulators of ovarian endocrine function and female fertility, and lack of either hormone or inactivation of the cognate receptors results in hypogonadism, arrested follicular maturation, and primary ovarian failure (1-3). The glycoprotein hormones act via their G protein-coupled receptors (GPCRs), the FSH receptor (FSHR) being mainly expressed in ovarian granulosa cells and in testicular Sertoli cells (4, 5). The circulating levels of gonadotropins, and number of their gonadal receptors, are strictly regulated during menstrual and estrous cycles, and therefore excessive gonadotropin action can lead to endocrine dysfunction. For example, rare patients with FSH-secreting pituitary adenomas suffer from ovarian hyperstimulation
Strong gain-of-function mutations have not been identified in humans in the FSH receptor (FSHR), whereas such mutations are common among many other G protein-coupled receptors. In order to predict consequences of such mutations on humans, we first identified constitutively activated mutants of the mouse (m) Fshr and then expressed them under the human anti-Mü llerian hormone promoter in transgenic mice or created knock-in mutation into the mouse genome. We show here that mutations of Asp580 in the mFSHR significantly increase the basal receptor activity. D580H and D580Y mutations of mFSHR bind FSH, but the activity of the former is neither ligand-dependent nor promiscuous towards LH/human choriogonadotropin stimulation. Transgenic expression of mFshr D580H in granulosa cells leads to abnormal ovarian structure and function in the form of hemorrhagic cysts, accelerated loss of small follicles, augmented granulosa cell proliferation, increased estradiol biosynthesis, and occasional luteinized unruptured follicles or teratomas. The most affected mFshr D580H females are infertile with disturbed estrous cycle and decreased gonadotropin and increased prolactin levels. Increased estradiol and prolactin apparently underlie the enhanced development of the mammary glands, adenomatous pituitary growth, and lipofuscin accumulation in the adrenal gland. The influence of the mFSHR D580Y mutation is milder, mainly causing hemorrhagic cysts in transgenic mFSHR D580Y T he gonadotropins FSH and LH are essential regulators of ovarian endocrine function and female fertility, and lack of either hormone or inactivation of the cognate receptors results in hypogonadism, arrested follicular maturation, and primary ovarian failure (1) (2) (3) . The glycoprotein hormones act via their G protein-coupled receptors (GPCRs), the FSH receptor (FSHR) being mainly expressed in ovarian granulosa cells and in testicular Sertoli cells (4, 5) . The circulating levels of gonadotropins, and number of their gonadal receptors, are strictly regulated during menstrual and estrous cycles, and therefore excessive gonadotropin action can lead to endocrine dysfunction. For example, rare patients with FSH-secreting pituitary adenomas suffer from ovarian hyperstimulation syndrome (OHSS) (6 -8) , and constitutively active mutants (CAMs) of the human LH (hLH)/choriogonadotropin (CG) receptor (hLHCGR) in males cause early-onset gonadotropin-independent precocious puberty (9) .
Only a few cases of genetically deviant hFSHR activation have so far been reported; a hypophysectomised man carrying an Asp567Gly mutation was shown to have normal semen parameters after testosterone replacement therapy but without FSH supplementation, suggesting that the mutated hFSHR is spontaneously active in the absence of ligand (10) . In addition, substitutions of Thr449, Ile545, and Asp567 lead to variable increases in constitutive receptor activity, but more importantly, they allow the hFSHR to be more readily activated by high concentrations of the other glycoprotein hormones (11) (12) (13) (14) (15) . Female heterozygous carriers of such mutations develop OHSS during pregnancy, when the hFSHR is promiscuously activated by high concentration of hCG. Also the carriers of the Ser128Tyr mutation develop pregnancyinduced OHSS, but without association with increased constitutive receptor activation, suggesting that it is not required for the development of disease (16) .
Strong constitutively activating mutations of hFSHR have not yet been found in humans. Possible explanations are that such mutations do not cause detectable phenotypes or that the phenotype is unexpected. This prompted us to create mouse models with a strongly activating mFSHR mutation. It was expected that assessment of phenotype of such mice would help us to predict suitable human candidates for the search of activating hFSHR mutations. For that purpose, Asp580 ͓D6.44 according to Ballesteros and Weinstein numbering (17)͔ of mFSHR was replaced with Gly, Glu, Tyr, or His, and functions of the mFSHR variants were analyzed. D6.44 is known to be a hotspot for activating mutations in the other glycoprotein hormone receptors, i.e. hLHCGR and human thyroid-stimulating hormone receptor (hTSHR) (9, 18) . We show here that mFSHR D580H in particular increases constitutive cAMP production and that expression of the constitutively active receptor leads to severe endocrine disturbances in the female.
Materials and Methods

Hormones
Recombinant human (rh) FSH, LH, and CG were gifts from Organon (Oss, The Netherlands).
Plasmid constructs and generation of transgenic (tg) and knock-in mice
The nucleotide substitutions leading to mutations Asp580Gly, Asp580Glu, Asp580Tyr, and Asp580His were introduced into the wild-type (WT) (cDNA) 
Cells, transfections, and luciferase and cAMP assays
For luciferase activity assays human embryonic kidney 293H (Invitrogen) and mouse Sertoli SMAT1 cells (20) were transiently transfected with WT or mutated mFshr constructs, cAMP-response element reporter gene plasmid ͓pADneo2 C6-BGL (21)͔, and transfection efficiency control plasmid pRL-CMV (Promega, Madison, WI), and in case of ligand stimulation, they were treated with rhFSH, rhLH, or rhCG on the following day. For cAMP measurements, the cells were transfected with the mFshr constructs and stimulated with increasing concentrations of rhFSH. All reporter gene and cAMP assays were performed in triplicate and repeated at least twice. The results were presented per binding capacity of each receptor variant that was measured as described before (22). For details, see Supplemental Materials and Methods.
Animal husbandry and sample collection
All procedures with mice were performed in accordance with institutional guidelines for the University of Turku and Imperial College London. Animal studies were performed under a Project License issued by the United Kingdom Home Office. For analyzing the onset of puberty, females were examined daily for vaginal opening from d 22 postpartum. For testing fertility, the 3-month-old female tg and WT mice were bred with at least two WT FVB/N males for at least 5 months. The estrous cycle was determined by analyzing the vaginal smear for 20 d at the age of 10 wk and/or after the breeding test. Smear samples were collected at 0900 -1000 h, stained by the Giemsa method, and defined as proestrus, estrus, metestrus 1-2, and diestrus as described (23). Serum and tissue samples were collected and processed using standard protocols. For details, see Supplemental Materials and Methods.
Quantitative real-time (RT)-PCR
For quantitative transgene and target gene expression analyses, total RNA was isolated from tissues by the silica-based membrane system (RNeasy Micro/Mini kit; QIAGEN, Valencia, CA). cDNA was generated from DNase I-treated RNA samples with Superscript* First-Strand Synthesis system (Invitrogen). RT-PCR analyses were performed using SYBR* Green Quantitative RT-PCR system (Sigma-Aldrich, St. Louis, MO) with MJ Opticon Analyzer (Bio-Rad, Hercules, CA). Standard curves were generated from dilution series of the plasmids containing the amplified area, and the copy number for each amplicon was calculated. Final results were calculated as copy number percentage from mRpl7 copy number. Primers and conditions used are shown in Supplemental Table 2 .
Estimation of follicle numbers
The right-side ovary of four tg and four WT animals was collected into Bouin's fixative. After fixation for 4 -6 h, the samples were dehydrated, embedded into paraffin, and cut thoroughly into sections of 8-m thickness, followed by staining with Harris' hematoxylin and eosin. Follicle counting was performed with an unbiased stereological method using a physical detector without counting frames (24). Every 12th pair of adjacent sections was sampled, starting at a random section with the first 11. In each pair the first section was the "look-up" section and the second was the reference. Only follicles with an oocyte nucleus in the reference section, but not the look-up section, were counted. The total number of follicles seen was then multiplied by 12. The process was then reversed with the look-up section becoming the reference section and vice versa. 
Statistics
Statistical analyses were performed using Student's t test, oneway ANOVA or Fisher's exact test. P Ͻ 0.05 was considered statistically significant.
Results
mFSHR variants activate the cAMP pathway but do not change the ligand specificity of receptor activation
To identify the mutations leading to constitutively active mFSHR, Asp580 was replaced with Gly, Asn, His, and Tyr; the corresponding position is a hotspot for activating mutations in LHCGR (9) and TSHR (18), and its modification to Gly in a rat/human FSHR chimera increases the basal activity of the receptor (27). In transiently transfected human embryonic kidney 293H and mouse Sertoli SMAT1 cells, the mFSHR D580Y and mFSHR D580H variants were most effective in increasing the basal cAMP and its response, typically 4-and more than 10-fold, respectively (Fig. 1A) . The mutations enhanced the cAMP responses similarly in the two cell lines, and the results were independent of the type of promoter used, Simian virus 40 or hAMH (data not shown). Stimulation of mFSHR variants D580G, D580Y, and D580E with FSH resulted in modest increases in receptor activation, which did not reach the maximal activation attained by the WT receptor, whereas the high activity of the mFSHR D580H variant was FSH-independent (Fig. 1B) . cAMP responses of the receptor variants D580Y (Fig. 1C) , ϪD580G, and ϪD580E (data not shown) were modestly increased at very high concentration (50 IU/ml) of human hCG and LH, but less than that of the WT receptor, whereas the response of mFSHR D580H was again unaffected by the stimulations (Fig. 1C) . Thus, the modifications of mFSHR at position 580 did not affect its ligand specificity with respect to activation.
Generation of mice expressing mFSHR
D580H and mFSHR D580Y and knock-in for mFSHR D580Y Based on results obtained from in vitro analysis of the mFSHR variants, mFSHR D580H and ϪD580Y mutants were chosen to be introduced into the mouse genome and to be expressed under the hAMH promoter. To control for possible effects of mFSHR overexpression, also a mouse line with WT (cDNA) mFshr was generated. Microinjections resulted in five independent mFshr D580H and 6 mFshr D580Y mouse lines all expressing the transgenes in the ovaries and testes, whereas two out of six mFshr-wt sublines showed gonadal expression (data not shown). In addition, introduction of the mutation D580Y into the endogenous mFshr generated an mFshr D580Y -ki line showing germ line transmission.
The transgene transmission of the AMH promoterdriven lines, and the germ line transmission of mFshr D580Y -ki line, closely followed Mendelian distribution (Supplemental Table 3 ). The mFshr D580H females demonstrating the clearest phenotypes upon preliminary screening were studied in greatest detail. The (mRNA) mFshr D580H concentration varied in the ovaries of 6-to 8-month-old mice from 0.2 to 9.7% of that of the housekeeping gene mouse riboprotein L7 (mRpl7) (average Ϯ SEM being 3.03 Ϯ 0.72), whereas the highest concomitant expression of the endogenous mFshr was 6.9%. Hence, the expression level of the transgene was similar to that of the endogenous mFshr.
Expression of mFshr D580H increases the frequency of irregular estrous cycles and affects fertility
Transgene expression did not have obvious effects on the development of mFshr D580H female mice such as timing of vaginal opening and urogenital distance (for more details, see Supplemental Results and Supplemental Table  4 ). Instead, irregular estrous cycles were detected in 63% (10/16) of the mFshr D580H females, more than or equal to 10 wk at age, vs. 17% (1/6) of the WT controls (Supplemental Table 5 ). Whereas estrous cycles of the rest of the mFshr D580H females followed that of the WT littermates, the cycles of the affected mice missed proestrous and estrous phases (Supplemental Fig. 2) .
Fertility of the tg mice with regular estrous cycles was not compromised. Interestingly, their litter sizes were larger than those of WT females ͓8.7 Ϯ 2.1 (average Ϯ SD) for WT and 11.3 Ϯ 1.2 for tg, P Ͻ 0.05; Supplemental Table 5͔ . Conversely, seven of 10 acyclic tg mice either showed no signs of pregnancy and delivered no litters, and the rest of them presented with a delay in the time to first pregnancy (Supplemental Table 5 ). Despite disturbed estrous cycles, follicles from primordial to antral stage, and corpora lutea, were present in the mFshr D580H ovaries (Fig. 2) , even in the aging mice having failed fertility test (Fig. 2G) , suggesting on-going follicular maturation up to ovulation and luteinization. Occasionally, however, luteinized unruptured follicles were perceived (Fig. 2H , inset i) indicating unsuccessful ovulations.
Ovaries of adult tg mice demonstrate several structural and functional abnormalities with increasing severity upon aging
At macroscopic and microscopic levels, the main sign of CAM mFSHR was the development of hemorrhagic follicles in ovaries of the mFshr D580H females (Fig. 2 , E-G, arrows). The first hemorrhagic cysts were visible at 28 d of age (Fig. 2E) , and they were found in most of the elderly tg females, red blood cells infiltrating through the theca cell layer (Fig. 2G , inset i, and Supplemental Table 6 ). Similar hemorrhagic cysts developed also in 29% of the mFshr D580Y mice at the age of 1 yr. They were abundant also in heterozygous and homozygous mFshr D580Y -ki mice from the age of 2.5 months onwards (Supplemental
FIG. 2. Gross histology of ovaries in WT (A-C) and mFshr
D580H (E-G) females at the age of 28 d (A and E), 15 wk (B and F), and 12 months (C and G) and PAS staining of an ovary of 6-month-old WT (D) and tg (H) mice. Hemorrhagic cysts are common in the ovaries of the tg mice (E-G, arrows) showing leakage of blood cells from the thecal layer into the antrum (G, inset i). Multiple simultaneously maturing antral follicles increase the size of the tg ovaries (F). In most of the old mice, large follicles are maturing, but stroma is occupied by interstitial hyperplasia (G, inset ii, and H). Minor staining with PAS is seen in the ovaries of WT mice, in which mainly zonae pellucidae and oocyte remnants present with the stain (D, inset), but in the ovaries of mFshr D580H mice, the stroma is broadly stained with PAS (H, inset ii). The oocyte in the unruptured luteinized follicle is also encircled by PAS-positive zona pellucida (H, inset i), and the surface epithelium has thickened adjacent to the PAS-stained areas (H, inset ii, arrow). AF, antral follicle; CL, corpus luteum. Table 6 ). Instead, they were rare in WT littermates of all the tg lines as well as in the tg line expressing WT mFshr. Glycogen-rich, periodic acid-Schiff (PAS)-stained interstitial cell hyperplasia with multinuclear cells was apparent in the ovaries of 6-month-old mFshr D580H mice (Fig. 2H) , and in 1-yr-old mice, they covered most of the stroma (Supplemental Fig. 3 ). In WT ovaries, only few cells were PAS-positive, glycogen-rich zona pellucida and remnants of oocytes from atretic follicles being the major regions intensely stained by PAS (Fig. 2D, inset) , and minor areas with interstitial cell hyperplasia were seen upon aging. Worthy of note, the surface epithelium was unusually thick close to the PAS-stained areas with cellular mesenchyme underneath (Fig. 2H, inset ii) .
Maturation of the follicles and corpora lutea continued in the aging tg mice (Fig. 2, G and H) , but their total follicle number declined faster than in WT females. At 8 wk of age, there was no difference in the number of any type of follicles between the mFshr D580H and WT females, but the reduced number of primordial, primary, and secondary follicles in the tg ovaries was evident at the age of 6 months (Fig. 3, A and B) . The significantly higher proportion of Ki67-positive small follicles in tg than in WT females (Table 1) suggested that the transgene expression increased proliferation of the granulosa cells and growth of primary follicles. The numbers of preantral, early antral, and antral follicles remained similar in the mFshr D580H and WT mice, showing that despite the declining pool of small follicles in the tg mice, follicles were recruited to FSH/FSHR-dependent maturation as in WT mice. Expression of (mRNA) mAmh in the ovaries of 6-month-old mice suggested that there were two groups of the tg mice; those with high tg expression and low (mRNA) mAmh expression implying decline in the amount of recruited follicles, and those with high (mRNA) mAmh suggesting persistently high number of follicles available for recruitment (Supplemental Fig. 4 ). In the latter group, the (mRNA) mAmh concentrations were in general higher than in WT littermates (Supplemental Fig. 4) . The other abnormalities in the tg ovary such as PAS-stained hyperplasia, thickening of the surface epithelium, and loss of follicles, also correlated with ovarian tg expression (Supplemental Fig. 5) .
A subgroup of mFshr D580H mice develops ovarian teratomas
In addition to the other structural abnormalities, unilateral teratomas were found in about 20% of the ovaries (11/58) of the mFshr D580H females between 6 and 8 months of age (Fig. 4, A and B) . In most of the cases, tumors were mature benign cysts with several differentiated tissue types such as bone, cartilage, fat, neuronal, respiratory, intestinal, and keratin-like elements (Fig. 4 , C and D) (data not shown). In three cases, however, a focus of immature tissue was detected with blastic mesenchyme or syncytiotrophoblast-like cells, suggestive of teratocarcinoma (Fig. 4E) or chorioncarcinoma. Histologically identified mature teratoma was also found in one mFshr D580Y female older than 6 months (n ϭ 55), as well as in one mFshr-wt female (n ϭ 19) and in one of their WT littermate (n ϭ 69), which is not surprising, because old FVB/N mice are known to be susceptible for teratomas (28).
Expression of mFshr D580H increases ovarian estradiol (E2) but not progesterone biosynthesis
The results above suggested that the expression of mFshr D580H in granulosa cells accelerated the loss of small follicles, but the maturation of large follicles persisted (Figs. 2 and 3) . In accordance, the mean E2 concentrations remained elevated in the tg females, in comparison with WT mice, up to the age of 1 yr in most of the females (Fig.  5A) . Also the expression of the gene encoding cytochrome P450 aromatase (Cyp19a1) was increased (Fig. 5B ) and this correlated with the level of transgene expression (Fig.  5C ), whereas that of 17␤-hydroxysteroid dehydrogenase type 1 (Hsd17b1) remained unchanged (Fig. 5D) . Unlike E2 biosynthesis, tg expression did not affect ovarian progesterone (P4) production (Fig. 5E) .
Effect of mFshr D580H expression on pituitary, mammary, and adrenal glands
Increased anterior pituitary size was obvious in the mFshr D580H females older than 6 months (Fig. 6, A-C) . In the most pronounced cases, adenomatous growth was apparent with multiple blood-filled cavities (Fig. 6A, inset i) and abundant mitotic cells (Fig. 6A, inset ii) . Elevated prolactin (PRL) levels ( Fig. 6D and Supplemental Fig. 6 , A-C) indicated that the pituitary tumors were prolactinomas. In addition, the virgin mFshr D580H females with high serum PRL and E2 demonstrated advanced lobulo-alveolar growth of the mammary gland (Fig. 6 , E and F), typical for late pregnancy.
In contrast to PRL, mFshr D580H transgenesis led to decreased serum concentrations of FSH and LH (Fig. 6 , G and H), to levels below the detection limit in most affected animals (Supplemental Fig. 6, D-F) . In general, gonadotropin levels increased in both WT and tg animals upon aging, reflecting decreased negative feed-back due to depletion of ovarian follicles. The weaker mFSHR D580Y variant did not affect gonadotropin levels in comparison with WT littermates (Fig. 6, G and H) , and also the phenotypic effects were milder than with the mFSHR D580H variant. In the adrenal glands, age-related accumulation of foamy-looking multinucleated giant cells occurred in the cortico-medullary junction of the mFshr D580H females replacing the x-zone (Supplemental Fig. 7 ). These cells were positive for PAS-staining, characteristic of lipofuscin, and only few PAS-positive cells were located in the adrenal glands of WT mice. No obvious abnormalities were seen in the adrenal glands of mFshr D580Y , mFshr-wt, or mFshr D580Y -ki mice up to the age of 12 months (data not shown).
The level of ovarian transgene expression affects severity of phenotype
Many of the phenotypic characteristics of the mFshr D580H females displayed quantitative and qualitative differences between individual mice, even when assessed in the same sublines. In general, the severity of phenotypic signs in the ovary, adrenal gland, pituitary gland, and mammary gland correlated with the levels of ovarian transgene expression (Supplemental Figs. 5 and 8A ). Thus the detected transgene expression levels likely reflect the life-time expression differences and not only temporary variations in the numbers of transgene-expressing follicles and granulosa cells. Occasionally, transgene expression was also detected in the nongonadal tissues of mFshr D580H females. However, in these cases, the transgene expression did not correlate with the phenotypes described (Supplemental Fig. 8, B-F) , suggesting that abnormalities observed were ovary-dependent and not due to spurious tg expression in extragonadal tissues.
Discussion
The first disease-causing GPCR CAM was reported in rhodopsin in 1991 (29), and since then, numerous others have been described (30), including several in the glycoprotein hormone receptors hTSHR (18) and hLHCGR (9) . One hot spot for CAMs in glycoprotein hormone receptors is the Asp (6, 44) residue in the 6th transmembrane domain, that has been mutated to several other residues in affected patients (9, 18) . Introduction of the same mutations into mFSHR, Asp580His in particular, significantly increased the basal activity of the receptor, but did not generate promiscuous responsiveness to other ligands. Asp (6, 44) in FSHR belongs to a conserved motif in glycoprotein receptors that in hTSHR has been shown to interact with residue Asn (7, 49) to stabilize an inactive receptor conformation. Ligand binding or a mutation interfering with this interaction results in a conformation change of the transmembrane domains, including orientation of Asn (7, 49) toward Asp (2.50) , bringing about stabilization of the receptor in an active state (31). In addition, the hFSHR CAM, Leu (3, 43) , has been suggested to form a charge-reinforced hydrogen bond with Asp (6, 44) (32), pointing to the importance of the 6th transmembrane motif in receptor inactivation/activation. Our results confirmed that Asp (6, 44) is essential in maintenance of the inactive conformation also in mFSHR, and that its replacement, in particular with amino acid residues containing bulky aromatic (Tyr) or polar (His) side chains, may affect the formation of hydrogen bonds between the 6th and 7th transmembrane domains in the mFSHR similar to hTSHR CAMs (31), leading to significant constitutive activation of the receptor.
None of the modifications at Asp580 in the mFSHR relaxed the ligand-specific activation of the receptor toward LH or hCG. This is in contrast to activating mutations of the hFSHR previously described, where the constitutive activity is thought to decrease the activation barrier to the low affinity binding of other glycoprotein hormones (11-15, 31, 33) . Modeling of rodent and human FSHR suggests differences in the hydrophobic environment of the 6th transmembrane domain (27, 32), and thus, they are not directly comparable. Our results suggest that either Asp (6, 44) itself is resistant to changes introducing promiscuous activation or, more likely, that this characteristic is specific for the mouse receptor, because substitution of the adjacent residue Thr (6, 43) in hFSHR significantly changes ligand-specific activation (32). WT mFSHR was to some extent activated by high concentrations of hCG or LH similar to hFSHR, which in the latter case can cause spontaneous OHSS, when hCG concentration is exceptionally high (14) .
We generated three different mouse models for CAM mFSHR, i.e. the mFSHR D580H or D580Y tg's under the hAMH promoter, and the mFshr D580Y -ki line. For the first two lines, we also created a control line mFshr-wt to investigate possible phenotypic effects of WT mFSHR overexpression, but no detectable differences were observed between the tg mice and their WT littermates, as it has also been reported for the tg line overexpressing WT human FSHR (33). In agreement with its strongest constitutive activity, the mFSHR D580H mutant induced the most prominent phenotypic effects from infertility to tumors in tg females. However, because some phenotypes such as hemorrhagic cysts were found in the heterozygous mFshr-D580Y-ki females, even a single copy of the weaker mutant CAM gene was sufficient to disturb ovarian function. This is in line with the findings that relatively small increases in circulating FSH, PRL, and E2 levels can initiate OHSS in patients with pituitary adenoma (6) . Hence, the intensity and timing of FSH signaling needs to be strictly regulated to secure proper ovarian function. This may be one reason why hFSHR is more resistant to mutation-induced constitutive activation than the other glycoprotein hormone receptors (27, 32, 34). Interestingly, a subgroup of mFshr D580H females delivered larger litters than WT mice, whereas the rest were infertile/subfertile. There was a relatively large variation of the phenotype between individual mice, but it appeared to correlate with the level of ovarian mFshr D580H transgene expression. This may be explained by the observations that the use of the hAMH promoter can lead to mosaic female mice, whereby hAMH promoter-driven genes are unevenly expressed in granulosa cells (35) . Expression of ovarian mFshr D580H enhanced the proliferation of granulosa cells and the proportion of the primary follicle to grow, thus leading to greater recruitment of follicles. FSHR interacts with other signaling pathways such as Activin/Smad3 (36) and phosphatidylinositol-3 kinase/acute transforming retrovirus thymoma protein kinase (P13K/ Akt) (37-39) and thus participate in regulation of proliferation and apoptosis of granulosa cells and subsequently the follicle growth. Similar to mFshr D580H mice, mice with granulosa cell-specific knockout of Pten, a suppressor of the FSH-activated phosphatidylinositol-3 kinase/acute transforming retrovirus thymoma protein kinase (P13K/Akt) pathway (37) , and mice overexpressing FSH under control of the rat insulin II promoter (40) initially produce large litters. More abundant expression of the CAM transgene, mFshr D580H , on the other hand, accelerated further follicular loss, and enhanced excessive ovarian E2 production evoked the detected abnormalities in peripheral tissues. Increased serum FSH in perimenopausal women has been suggested to promote the final depletion of the follicle reserve (41) and to rescue the ovarian follicles that would otherwise have been excluded from selection (42) . Consequently, follicles with poor quality, possibly reflected by their hemorrhagic and cystic appearance in the mFshr CAM mice, are also recruited.
Several of the mFshr D580H females presented with pseudopregnancy-type acyclicity and remained infertile during the 5 months of fertility testing. The various abnormalities observed in the mFshr D580H expressing females were likely to compromise fertility. First, the hormonal status of the mice, including elevated E2 and PRL levels, was likely to affect the vaginal epithelium and its capacity to support implantation. Hyperprolactinemia could also decrease pulsatile LH-surges, and the occasionally found luteinized unruptured follicles provided evidence for disturbed ovulations. Some mFshr D580H mice developed teratomas associated with almost complete lack of follicles in the affected ovary. Finally, the number of primordial and primary follicles declined faster in mFshr D580H than WT mice, leading eventually to premature loss of follicles. Accelerated loss of small follicles, though not as evident as in mFshr CAM mice, also occurs in TgmFSH mice (40) , indicating that the phenomenon is not due to the hAMH promoter-driven expression of mF-SHR, but a genuine consequence of enhanced signaling through the mutant mFSHR. Hemorrhagic cysts were common in all mFSHR CAM mice, especially upon aging. The cysts are frequent also in some other mice models such as the estrogen receptor ␣ knockout (43), aromatase knockout (44), FSH overexpressing (45) , and hCG overexpressing mice (46) . Enhanced gonadotropin action is the common feature of these models, suggesting this to be the cause of the phenotype rather than the lack of auto/paracrine estrogen action in the ovary. Red blood cells leak from the theca cell layer to granulosa cells filling the antrum, implying increased vascular permeability in the thecal layer, and/or premature onset of follicular angiogenesis. Gonadotropins have been proposed to have tissue-specific angiogenic effects and in pathological conditions such as OHSS, the strictly regulated interaction between gonadotropins and angiogenic factors is disturbed (47) . In granulosa cells, FSH regulates the expression of several angiogenic factors such as vascular endothelial growth factor, also known as vascular permeability factor (48) , and thus the expression of FSHR CAM may disturb the control of ovarian angiogenesis. Expression of the mFshr D580H CAM resulted in a modest increase in granulosa cell estrogen biosynthesis, thus resembling more a recent tg FSH mouse model (40) than another mouse model expressing supraphysiological concentration of FSH and showing over 50-fold increase in E2 production (45) . mFshr D580H increased the expression of mCyp19a1, the rate-limiting factor in E2 biosynthesis (49) , but not the expression of mHsd17b1, already abundantly expressed. Increased feedback of ovarian hormones (E2, inhibin) evidently led to decreased FSH and LH levels in the most affected cases as well as to increased growth of the pituitary gland and enhanced PRL secretion. Besides stimulating lactotroph cell growth and PRL secretion, E2 also augments target cell sensitivity to PRL by up-regulating PRLR expression and via PRL-induced signal transducer and activator of transcription 5 (Stat5) activation (50 -52) . In mFshr D580H females, the elevated E2 and PRL levels can thus cooperate at several levels of the hypothalamic-pituitary axis, impinging on the LH pulses (50, 53) , ovulation and maintenance of corpora lutea, and on development and function of the mammary gland. The mFshr D580H females with the highest ovarian transgene expression displayed intense lobulo-alveolar growth of the mammary glands, akin to late pregnancy. This phenotype mimics closely that of hCG␤ϩ mice (46) with characteristically high PRL production and peripubertally increased E2 secretion. The mFshr D580H CAM females, however, did not develop by 12 months palpable mammary gland tumors similarly to those observed in hCG␤ϩ mice, suggesting a difference in quantity or quality of the growth stimuli and response.
Another nongonadal effect of the mFSHR D580H CAM was seen in the adrenal glands, with dramatic accumulation of foamy multinucleated cells in the cortico-medullary junction along with disappearance of the x-zone. WT female mice lose the x-zone during pregnancy, so the absence of this zone in virgin mFshr D580H females confirms their pseudopregnancy-like phenotype. Due to its histological appearance and positive PAS staining, the pigmented material is probably lipofuscin, also called lipogenic/aging pigmentation, or ceroid if pathological in origin (54) . Accumulation of lipofuscin in the adrenal gland is a known phenomenon of aged mice (55) , and previous studies have shown that also chronic estrogen treatment induces it (55, 56) . A similar layer of giant cells is also observed in adrenal glands of female bLH␤-CTP (57), ubiquitin C-hCG␤ mice (46) , and of male tg mice overexpressing aromatase (58) , all of them showing increased E2 production and in which gonadectomy and antiestrogen treatment reduce the premature formation of the lipofuscin layer. Accumulation of lipofuscin also occurs in the human adrenal gland, with the extreme state of rare "black adenomas" (59) , suggesting clinical relevance for the phenomenon.
Interestingly, PAS-positive cells of unknown origin were also observed in ovaries of the mFshr D580H mice. This points to premature aging of the ovaries in addition to their early loss of follicles and/or delayed structural luteolysis of corpora lutea leading to formation of corpus albicans-like structures (60) . Intensive PAS-stained hyperplasia was often accompanied with thickening of the surface epithelium. E2 has been shown to have opposite effects on the ovarian surface epithelium being able to act in both tumor suppressing and promoting manner (61); E2 can induce oxidative stress DNA damage (62) and prevent apoptosis in ovarian surface epithelial cells (63) . Thus, the thickening of the epithelium may also be due to the increased circulating E2 in the tg females.
About 20% of the ageing mFshr D580H females developed ovarian teratomas with typical ectodermal, mesodermal, and endodermal structures. Most of them were mature, i.e. containing benign well-differentiated cells, but also immature areas of growth were seen in a few cases. Teratomas originate from nonovulated germ cells initiating parthenogenetic development, but their etiology has otherwise remained largely unknown. Few predisposing factors identified (64 -66) together with segregation analysis of teratoma formation in various mouse lines suggest that teratoma development is a multigenic trait involving a few permissive alleles (67) . In addition to mFshr D580H females shown here, tg hCG␣␤ϩ mice producing high excess of bioactive hCG in circulation develop ovarian teratomas (68) . Together, these mouse models, and the negative data on Fshr or Fshr D580H expression in the tumors (Supplemental Fig. 9 ), imply that high gonadotrophin stimulation of granulosa cells interferes with oocyte maturation and induces teratomatous growth of oocytes. On the other hand, patients with OHSS or premature ovarian failure have not been reported to be susceptible to teratomas, which may due to their multigenic background. Species-specific factors may also play role, or rarity of strong mutations such as D6.44H. Interestingly, the D6.44H mutant form of hCGLHR has been detected only in as a somatic mutation in Leydig cell tumors, but not in patients with testotoxicosis suggesting specific characteristics of the mutation (9) .
Few tg mouse lines expressing GPCR CAMs have been successfully generated. One such line is the parathyroid hormone/parathyroid hormone-related type 1 receptor-H223R mouse line that showed several skeletal abnormalities (69) . In some cases instead, in vitro characterized CAM receptors have not been found to be constitutively active in tg mice due to counter-acting mechanisms such as binding to arrestin (70) . Several pathological states in the mFshr CAM mice presented here evidently demonstrate that the possible desensitization mechanisms cannot compensate for the constitutive activation at position Asp580. The tg line expressing mFSHR D567G with weak constitutive activity shows a detectable phenotype only in the gonadotropin-deficient hypogonadal background, with increased testis size and postmeiotic germ cells that are absent in controls (33, 71). Conspicuously, no obvious female phenotype, in either the normal or hypogonadal background (33, 71), was found in these mice, demonstrating differences between mFSHR activating mutations, possibly related to the degree of constitutive activity.
In summary, gain-of-function mutations in the mFshr have serious phenotypic consequences for female mice. Natural and laboratory-designed mutants have shown that constitutive activation of the cognate human receptor is also possible. Although mFshr D580H is a laboratorydesigned form and CAMs in general can differ in their characteristics, it may reflect the array of abnormalities FSHR CAMs can induce. A similar array of phenotypes can also be expected in humans expressing FSHR CAMs. Hence, strong gain-of-function mutations in the hFSHR may lead, in addition to OHSS, to conditions such as premature ovarian failure, formation of hemorrhagic cysts, and abnormal hormone balance of the pituitary-gonadal axis. Furthermore, as found in the mFshr CAM female mice, the human phenotypes may include ovarian germ cell tumors. This would also prompt closer follow-up of the FSHR CAM patients with OHSS (11) (12) (13) (14) . 
